Introduction
The goal of antiretroviral therapy (ART) is to restore and maintain the health of people infected with HIV through suppression of HIV replication. In clinical practice, a concentration of HIV RNA below the detection limits of available assays is considered evidence of viral suppression. Despite advances in ART [1] , not all HIV patients on treatment are able to achieve and maintain suppressed viral loads [2] .
Low, detectable HIV RNA under 1000 copies/ml has been studied as a potential risk factor for drug resistance, virologic failure, cancer, and mortality [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . However, the clinical significance of detectable viral loads in this range remains unclear, despite studies suggesting that patients with HIVor AIDS who have low, detectable viral loads are at higher risk of experiencing adverse health outcomes compared with patients with undetectable viral loads [3] [4] [5] 7, 8, 10, [12] [13] [14] .
Uncertainty about the effects of low, detectable viral load is due in part to variability in its definition. Clinical and epidemiologic studies typically set the upper bound of low viral load between 200 and 1000 copies/ml, whereas the lower bound tends to be fixed at the detection limit of the viral load assay used in the study [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Defining a range of low, detectable viral load is further complicated when viral load measurements are obtained from multiple assays with different limits of detection, and when a considerable proportion of those measurements fall below varying detection limits.
As access to effective ART scales up and the sensitivity of viral load assays improves over time, the number of HIV patients with low, detectable levels of HIV RNA observed in clinical practice will grow. Therefore, it is important to understand the implications of low, detectable viral load. The objective of this study is to determine whether a clinically significant threshold of detectable viral load under 1000 copies/ml can be defined based on the relationship between a single viral load measurement collected 6 months after ART initiation and 10-year mortality.
Methods

Study population
We used data from the Center for AIDS Research Network of Integrated Clinical Systems (CNICS), a multicenter clinical cohort that currently includes over 30 000 HIV patients in the United States. CNICS maintains a clinical data repository from electronic medical record systems to support HIV research [18] . The CNICS cohort includes patients aged 18 years and older who initiated primary care in or after 1995 at one of [18] .
All participants provided written informed consent to be included in the CNICS cohort, or contributed data with a waiver of written informed consent where approved by local institutional review boards. Upon entry into CNICS, demographic and historical information, including prior diagnoses and antiretroviral treatment, was collected. After enrollment, patient data were prospectively captured at clinic visits and included prescribed medications, laboratory test results, and conditions diagnosed by providers. CNICS participants were typically seen in clinical care every 3-4 months, though frequency of follow-up was patient specific.
A total of 27 865 patients entered the CNICS cohort between 1 January 1998 and 31 December 2013. Patients who initiated monotherapy or dual therapy prior to or with no history of starting combination ART (defined as three or more ART drugs prescribed concurrently; n ¼ 3499), initiated ART prior to entering CNICS (n ¼ 6405), initiated ART after 31 December 2013 (n ¼ 282), had no history of initiating ART (n ¼ 4067), died within 6 months of starting ART (n ¼ 130), or did not have at least one viral load measurement 6 months (À30/þ90 days) after ART initiation (n ¼ 3431) were excluded from our study. Patients with missing race/ ethnicity information (n ¼ 93), no recorded CD4 þ cell count 6 months (À30/þ90 days) after ART initiation (n ¼ 322), no pre-ART viral load measurement recorded between 60 days prior to CNICS entry and ART initiation (n ¼ 284), or pre-ART viral load measurements that suggested unrecorded prior exposure to treatment (<1000 copies/ml) (n ¼ 1408) were also excluded. A total of 7944 patients was included in the final study sample.
Mortality ascertainment
The outcome of interest was time to death from any cause. All CNICS sites regularly query the National Death Index and state death certificate records to confirm recorded dates of deaths and capture unrecorded deaths among CNICS patients no longer in care. We used allcause mortality as our endpoint because cause of death data were unavailable for approximately 35% of deaths recorded in CNICS.
Because vital records are maintained on all patients enrolled in CNICS, including those not currently retained in care, we included deaths among patients no longer being seen in a CNICS clinic in the analyses. We ended the study period on 31 December 2014 to account for reporting delays, which can result in underestimated mortality, and to allow sufficient time for CNICS sites to verify vital records.
Viral load assessment
The exposure of interest was HIV RNA 6 months (À30/ þ90 days) after ART initiation. For patients who had more than one viral load during the 120-day window, we used the measurement that was collected closest to 6 months after the date of ART initiation. Viral load measurements were determined by quantitative amplification assays and expressed as the number of HIV copies/ ml of blood plasma. Viral load assays used in this study varied over time and by CNICS site; the lower limits of detection for the most commonly used assays were 20, 30, 40, 48, 50, 75, and 400 copies/ml. Viral load measurements 6 months after ART initiation ranged from 6 to over 4 million copies/ml.
Statistical analysis
The majority of viral load observations included in our analyses were reported to be below specified limits of detection. We assumed that these viral load measurements were left censored at random conditional on observed covariates, and used a nonparametric multiple imputation approach with a left-censoring score model to account for missing data. For each viral load observation, we used logistic regression to estimate the conditional probability of left censoring given age, sex, race/ethnicity, male-tomale sexual contact, IDU, smoking status, at-risk alcohol use, pre-ART viral load, year of ART initiation, ART regimen, CD4 þ cell count, clinical AIDS status, status of other clinical conditions (chronic hepatitis B, chronic hepatitis C, past diagnosis of any cancer excluding nonmelanoma skin cancer), statin use, study site, and death [19] . Restricted quadratic splines were used to model age and CD4 þ cell count, with knots at the 5th, 35th, 65th, and 95th percentiles [20] . We stratified the study cohort into five groups based on quintiles of the predicted probability of being left censored.
Next, we computed nonparametric maximum likelihood estimates of the distribution function of viral load using the Turnbull estimator [21, 22] , stratified by quintiles of the left-censoring score, and used these estimates to impute left-censored viral load observations. We imputed all viral load observations that were too low to be quantified using assays with detection limits of 20, 30, 40, 48, 50, 75, or 400 copies/ml, and imputed values were bounded between zero and the assay detection limit. One hundred imputed datasets were generated for analysis.
The start of follow-up for each patient was 6 months after the date of ART initiation. Patients were followed until death, and data were administratively censored after 10 years or on 31 December 2014. Hazard ratios for 10-year all-cause mortality from 6 months post-ART initiation were estimated using the following Cox proportional hazards model [23] :
where x k;1 is 1 if viral load is between 20 and under k and 0 otherwise, x k;2 is 1 if viral load is between k and 999 copies/ml and 0 otherwise, and x 3 is 1 if viral load is above 999 copies/ml and 0 otherwise. The reference category was viral load under 20 copies/ml. We estimated hazard ratios for each of the viral load categories, for possible threshold values of k between 30 and 500 copies/ml. Efron's approximation was used to handle tied event times [24] .
We used inverse probability of exposure weights [24, 25] to control for differences at baseline among patients across the four viral load categories (<20, 20 to <k, k to 999, and >999 copies/ml) and standardize estimates to the total study population. Sex, race/ethnicity, male-to-male sexual contact, and IDU were assessed at entry into the CNICS cohort. Pre-ART viral load, year of ART initiation, and ART regimen were assessed at ART initiation. Age, smoking status, at-risk alcohol use, CD4 þ cell count, clinical AIDS status, status of other clinical conditions (chronic hepatitis B, chronic hepatitis C, past diagnosis of any cancer excluding nonmelanoma skin cancer), statin use, and study site were assessed at study baseline. Restricted quadratic splines were used to model age and CD4 þ cell count. Using a multinomial logistic regression model for each k, we estimated the conditional probability of being in each viral load category, and calculated stabilized weights. The weights had a mean of 1.0 across all k for all imputations, with an overall minimum of 0.13 and overall maximum of 15.
We generated combined point estimates of hazard ratios for 10-year all-cause mortality by averaging across the 100 log hazard ratio estimates from the imputed datasets. We calculated robust standard errors for standardized hazard ratios, and used Rubin's variance estimator [26] to combine variance within and between imputations. These overall hazard ratio and variance estimates were used to construct 95% Wald confidence intervals (CI). The proportional hazards assumption was evaluated by examining plots of the log cumulative hazard by time and testing the product term of viral load and time; no notable violations of this assumption were identified. We computed mortality risk over time using the NelsonAalen cumulative hazard function [27, 28] , and constructed risk curves [29] averaged across all imputations and stratified by viral load category.
Additionally, for comparison, we replaced left-censored observations with half of the detection limit, and calculated hazard ratios for 10-year all-cause mortality and generated risk curves. In this alternate analysis, the weights used to standardize hazard ratio estimates to the total study population had a mean of 0.96 (range: 0.16, 19) across all k, after truncating at the 99.97 percentile [24] . We used SAS version 9.4 (SAS Institute Inc., Cary, North Carolina, USA) for analyses, and R version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria) for figures.
Results
We identified 7944 CNICS patients (49 118 personyears) who met our study inclusion criteria (Table 1) . Of the patients included in the study, the median age at baseline (6 months after ART initiation) was 40 [interquartile range (IQR): 32, 46] years, 83% were men, 45% were white/Caucasian, 37% were black/ African American, 62% identified as MSM, and 12% reported having ever injected drugs. The median pre-ART viral load was 74 827 (IQR: 22 394, 237 780) copies/ml, median year of ART initiation was 2007 (IQR: 2003, 2010) , and median CD4 þ cell count was 349 (IQR: 193, 532) cells/ml. At baseline, 29% of study patients had been diagnosed with AIDS, 47% were prescribed a nonnucleoside reverse transcriptase inhibitor-based regimen, and 40% had been prescribed a protease inhibitor-based regimen. Patients were followed for a median of 6.2 (IQR: 3.5, 10) years, and 862 deaths from any cause were recorded during the study period.
Of the patients included in this study, 68% had viral loads 6 months after ART initiation that were left censored at assay detection limits (Appendix 1, http://links.lww. com/QAD/B123). After imputation, an average of 57% of all viral load measurements (84% of left-censored observations) fell below 20 copies/ml. In total, 15% of study patients had viral loads of at least 1000 copies/ml 6 months after ART initiation. Plots of the distribution of viral load comparing nonparametric multiple imputation to simple substitution (replacing left-censored observations with half of the detection limit) are shown in Fig. 1 .
Standardized hazard ratio estimates at specific values of k are shown in Table 2 (see Appendix 2a for crude hazard ratio estimates, http://links.lww.com/QAD/B123). Viral load measurements were categorized as under 20 copies/ml (reference group), 20 to under k copies/ml, k to 999 copies/ml, and above 999 copies/ml. In aggregate, viral load measurements of 20-999 copies/ml were not associated with increased 10-year all-cause mortality, when compared with viral loads under 20 copies/ml (standardized hazard ratio: 1.18, 95% CI: 0.93, 1.50). When comparing k to 999 copies/ml to under 20 copies/ml, we observed an increase in the standardized 10-year hazard ratio for mortality at values of k discernable at 130 copies/ml (standardized hazard ratio: 1.39, 95% CI: 1.02, 1.88). As expected, viral loads above 999 copies/ml were strongly associated with increased mortality (standardized hazard ratio: 1.96, 95% CI: 1.56, 2.46). Plots of standardized hazard ratio estimates and 95% CI by k indicated there was no demonstrable viral load threshold between 30 and 500 copies/ml associated with a marked increase in 10-year mortality ( Fig. 2 ; see Appendix 2b for plots of crude hazard ratios, http:// links.lww.com/QAD/B123).
Standardized risk curves for all-cause mortality at specific values of k are shown in Fig. 3 (see Appendix 2c for crude risk curves, http://links.lww.com/QAD/B123). Again, we observed an increase in the standardized risk of 10-year mortality with increasing viral load at baseline. The standardized risk of 10-year mortality was approximately 14% among patients with viral loads between 20 and 400 copies, which was similar to the risk among patients with viral loads under 20 copies/ml (13%). There was a 20% standardized risk of death among patients with viral loads between 400 and 999 copies/ml, comparable to the risk among patients with viral loads above 999 copies/ml (23%).
Hazard ratio estimates for 10-year all-cause mortality and risk curves, generated after replacing left-censored viral load observations with half of the detection limit, are shown in Appendix 3a-e (http://links.lww.com/QAD/ B123). With this simple substitution approach, the majority (58%) of viral load observations were between 20 and 50 copies/ml, whereas a comparatively low proportion (8%) of viral loads fell below 20 copies/ml. Patterns in hazard ratio estimates were similar to what we observed with estimates calculated using multiplyimputed viral loads, though the magnitude of hazard ratio estimates was higher across all values of k using the substitution method of handling left-censored viral load observations. We also observed similar trends in the risk
Incomplete viral suppression and mortality Lee et al. 1993 curves for mortality, though there was a notably less steep trajectory in the standardized risk of mortality over time among patients with viral loads under 20 copies/ml based on data generated from simple substitution.
Discussion
The objective of this study was to determine whether there was a threshold of HIV viral load under 1000 copies/ml early after the start of therapy associated with increased mortality, while systematically accounting for undetectable viral load results. We did not identify a clear low-level viral load threshold between 30 and 500 copies/ ml that corresponded with a marked increase in 10-year all-cause mortality. Rather, we observed a gradual increase in standardized hazard ratio estimates with increasing viral load discernable at 130 copies/ml. The standardized 10-year mortality risk among patients with viral loads between 400 and 999 copies/ml at baseline approached the standardized risk of mortality among patients with viral loads between 1000 and 4 million copies/ml (20 vs. 23%). failure as one confirmed viral load measurement over 200 copies/ml [30] . Here, using a single measurement after 6 months of therapy, we observed a 44% increase in the hazard of death among patients with viral loads between 200 and 999, compared to those with viral loads under 20 copies/ml (standardized hazard ratio: 1.44, 95% CI: 1.00, 2.07). The standardized 10-year mortality risk among patients with low-level viral loads between 200 and 999 copies/ml at baseline was 17%, which was higher than the standardized risk of mortality among patients with viral loads under 20 copies/ml (14%).
The US Department of Health and Human Services and the AIDS Clinical Trials Group currently define virologic
In this study, exposure status was based on one viral load measurement collected approximately 6 months after ART initiation. Because a single detectable viral load measurement could represent either a transient increase in viral load or sustained low-level HIV RNA concentrations in the detectable range, which are likely disparate risk factors, using time-varying measures of viral load to assess exposure is warranted for future analysis. That said, we observed a clear pattern of increasing 10-year mortality risk with increasing viral load, based on one viral load measurement under 1000 copies/ml after 6 months of therapy. We also observed that a single viral load measurement at or above 1000 copies/ml 6 months after ART initiation was strongly associated with 10-year mortality. This suggests that a single viral load measurement collected 6 months after initiating ART remains highly informative regarding the risk of death over 10 years.
By using data from CNICS, the largest clinical cohort of HIV patients in the United States, we expect our study findings to be generalizable to treated adult HIV patients engaged in clinical care at US-based academic medical centers. Because patients who died within 6 months of initiating ARTwere excluded from the study population, we expect that the results of this study are applicable to patients who start treatment early enough in the disease course to be effective. There may be unmeasured confounding that impacts our findings, and we note that a viral load measurement collected shortly after starting therapy may be a proxy for unmeasured variables, such as socioeconomic status. We assumed that variables included in the analyses were measured without error, which is unlikely for self-reported behaviors such as tobacco, alcohol, and illicit drug use; however, we do not expect measurement error of confounders to be differential by exposure or outcome.
We did not account for adherence, switching, or cessation of ART regimen in the analyses. For each treatment-naïve patient, we considered the first recorded date of concurrent prescription of three or more ART drugs as an indicator of starting a combination ART regimen, and ignored changes in treatment. Approximately 85% of patients included in our study had viral loads under 1000 copies/ml 6 months after ART initiation, and we assumed that patients not taking their medication as prescribed were likely assigned to the highest viral load category (>999 copies/ml). We did not evaluate values of k above 500 copies/ml because of the relatively small number of events among patients with viral loads between 500 and 999 copies/ml 6 months after starting therapy. We also note that, because we had limited follow-up for patients whose viral loads were assessed with ultrasensitive assays, it would be prudent to reevaluate our estimates after additional person-time has accumulated in the CNICS cohort.
Nearly 70% of viral load observations included in our analyses were left censored. Simple substitution methods (e.g., replacement with a constant value such as the assay detection limit, half the detection limit, the detection limit divided by the square root of two, or zero) are often used to account for left-censored exposure data but can result in substantial bias, particularly when the proportion of censoring is high [31, 32] . Another approach is to impute left-censored exposure data by maximum likelihood [32, 33] , but this is problematic when the data do not closely follow a known parametric distribution [34] . Here, we used nonparametric multiple imputation to account for left-censored viral loads. This allowed us to effectively compare undetectable viral load observations collected over time using assays with different detection limits, without having to rely on distributional assumptions. As shown in Fig. 1 , simple substitution resulted in the majority of viral loads being amassed at specific values determined by assay detection limits, while multiple imputation produced a more biologically plausible depiction of the underlying distribution of viral load.
Using simple substitution resulted in far fewer leftcensored viral loads that were categorized as under 20 copies/ml (8 vs. 57% with multiple imputation). Standardized hazard ratio estimates indicated an increased hazard of death for patients at all low-level viral loads between 20 and 999 copies/ml at baseline, because of a markedly lower risk of death among patients with viral loads under 20 copies/ml compared with patients in the same viral load category based on multiply-imputed data (4 vs. 13%). Almost 60% of patients with viral loads under 20 copies/ml based on data generated by simple substitution received care from the same study site and initiated ART during a narrow time period, whereas patients in the same viral load category based on multiplyimputed data represented all study sites and started ART during all years included in the study period. Using simple substitution resulted in violations of positivity, and fitting the weight model to data generated after simple substitution yielded extreme values, which we did not observe when fitting the same weight model to data generated from multiple imputation. Due to these factors, the hazard ratio and risk estimates we calculated using our nonparametric multiple imputation approach were attenuated but likely less biased than estimates calculated using simple substitution data.
Detectable viral loads under 1000 copies/ml may indicate ongoing low-level HIV replication because of inadequate response to treatment, drug resistance, drug interactions, or incomplete adherence to therapy or care. Occurrences of low, detectable viral load, whatever the underlying cause, will be more commonly observed in HIV patients as access to ART increases and assay sensitivity improves over time. Although we observed an increased hazard of death with low-level viral loads discernable at 130 copies/ ml, this association was largely driven by the elevated mortality risk experienced by patients with viral loads between 400 and 999 copies/ml. Patients with viral loads in this higher range, which suggested partial response to treatment, faced a similar long-term risk of mortality as patients with high viral loads that indicated overt treatment failure. Low-level viral loads between 400 and 999 copies/ml shortly after starting ART appear to place patients at a significantly higher 10-year risk of death than patients with viral loads under 20 copies/ml, and occurrences of viral loads in this range may need to be treated similarly as viral loads that exceed 1000 copies/ml. Given the importance of rapidly achieving virologic suppression after initiating treatment, further investigation of the causes of unsuppressed viral loads between 400 and 999 copies/ml is warranted.
